INTRODUCTION
Corrosion resistant aluminum is being considered for a variety of structural applications such as bridge decks, marine crafts, and off-shore platforms. Some of these aluminum structures are required to meet fire resistance requirements, which include the structural response of the material during fire. The structural response of aluminum during fire has not been well studied and still relies primarily on large-scale testing to design for fire. The focus of this study is on the response of aluminum during compression loading.
Studies have been reported on the structural response of aluminum under compression at room temperature for flat plates [1] , different cross-sections [2] [3] [4] , and effects of welds [1, 3, 4] . Elevated temperature thermo-structural response of aluminum alloys under compression loading has been measured for columns and sections with welds [6] [7] [8] . These studies used intermediate-scale components to evaluate response.
Failure temperatures were measured to range from 170-350 o C for 5xxx and 6xxx series aluminum [6] [7] [8] [9] [10] . Experiments were performed with constant temperature [6] or linear ramping of temperature (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) o C/min) [6] [7] [8] [9] [10] , which is not consistent with realistic fire exposures.
Select studies have investigated the performance during more realistic fire exposures such as standard fire resistance tests and constant heat flux exposures.
Structural response during large-scale fire resistance tests have been reported on bulkheads [12] and aluminum columns including the effects different cross-sections and fire protection [11, 19] . Failure temperatures in large scale fire resistance tests, which ranged from 250-450 o C, were related to the applied stresses [11] . Large-scale tests did not evaluate the effects of exposure severity. Small-scale tests (0.05-0.1 m samples) were performed to investigate the effects of exposure level and load [13, 14] . Failure temperatures were reported to vary between 130-360 o C for applied stresses ranging from 20-80% of the room temperature buckling load [14] . The small-scale tests, however, may not be reflective of larger scale response due to failure modes and boundary condition effects.
Analytical models for thermo-structural failure during fire have been reported in the literature. Models based on buckling behavior have been proposed [7, 20, 21] with limited validation. Suzuki et al. [11] developed empirical correlations to predict failure temperatures of beams and columns, but was limited to validation with data from fire resistance tests. Kandare et al. [15, 16] evaluated use of creep-based failure models to predict failure times of small-scale compression tests on aluminum plates. Detailed finite element analysis was performed by Feih et al. [14] that show that creep effects are dominate at lower stresses and long exposure times.
No parametric study exists in the literature to systematically vary the important parameters controlling aluminum compression failure during realistic fire conditions. As a result, an experimental study was performed on an intermediate scale to investigate the effects of geometry, aluminum type, fire exposure severity, load, and fire protection on failure of aluminum during fire. The parametric evaluation of all of these parameters at this scale allows a comparison of these effects on failure, which is currently not possible with the existing literature data. The data was also used to develop and validate an empirical model for predicting aluminum failure that accounts for all of the evaluated parameters.
EXPERIMENTAL

Apparatus
All experiments were conducted using an intermediate-scale apparatus capable of applying 200 kN of compression load while subjecting one side to a constant heat flux up to 50 kW/m 2 . A detailed description of the fire structural test apparatus and testing methodology is provided elsewhere [22] . As shown in Figure 1 , the apparatus is composed of a compression loading frame, hydraulic loading system, heater assembly, instrumentation, and a sample. clamps to produce fixed-fixed end conditions on the sample. This was experimentally validated through room temperature buckling tests [22] .
The aluminum sample was placed in the loading frame clamps and secured at the ends by thread rods with 75 mm high, 100 mm wide faceplates as shown in the inset to Figure 1 . To ensure a consistent boundary condition, a 13.56 N-m torque was applied to each rod. Heat loss from the sample to the mounting clamps was minimized by placing 12.7 mm thick Pyrotek NAD-11 insulation board between the clamp and sample. Clamps were thermally protected from the heaters using 25 mm thick ceramic fiber insulation blanket.
The hydraulic jack pressure was set to provide the desired load onto the sample.
Tests were performed with a constant compression load applied to the plates by maintaining constant pressure to the hydraulic jacks. This was accomplished using a automatic bleed-off valve that ensured that the fluid pressure remained constant during the test, even when the sample experienced in plane deflections due to thermal expansion or out-of-plane bending. The applied load was directly measured using a series of at seven locations along the height using 24 gauge, Type K bare bead thermocouples placed in the pilot hole drilled nearly through the sample. The thermocouple was then bonded and taped to the unexposed side of the sample with high temperature tape to reduce heat losses from the thermocouple (see Figure 1 ). In and out-of-plane deflections were measured using string potentiometers.
Materials
The experimental study included Al 5083-H116 and 6082-T651 aluminum alloy rolled plates, which are typically used in marine and other exterior applications.
Aluminum alloy 5083-H116 is a strain hardened material while 6082-T651 is a temperature hardened alloy. In select tests, 5083-H116 samples were covered with 12.7 mm thick Superwool 607 fire insulation blanket with a density of 96 kg/m 3 . Insulation was held against the surface using wire wrapped around the sample or using ten steel insulation pins tack welded to the aluminum surface. An overview of the samples used in the study is provided in Table 1 . All plates were tested with the length of the sample being parallel to the rolling direction of the plate. Due to the rolling process, panels were measured to have some curvature with the center of the panel being 1.0-2.0 mm out of plane relative to the sample ends.
The stress-strain curves for these aluminum alloys at different temperatures are provided in Figure 3 . The stress-strain curves for 6082-T651 are taken from Ref. [6] .
The serrated yielding, also known as the Portevin-Le Chatelier (PLC) instability, is observed in Figure 3a for the 5083-H116 in the plastic region of the curve at 20 o C but is not evident at higher temperatures. For this aluminum alloy, the serrated yielding is attributed to the breaking away of mobile dislocations and Mg solutes [27] . As the temperature increases, the Mg solutes precipitate out of the solid solution allowing for dislocations to migrate more easily [27] . As expected, the elastic modulus and yield stress decrease with increasing temperature. For the 5083-H116 material shown in Figure   3a , the curves are nearly elastic-plastic behavior at all temperatures. The percent elongation at failure decreases from the room temperature value of 12% to a value of are from Refs. [6, 18] . The lines in the plots are a curve fit to the data based on the following form
where B is the elevated temperature property, B RT is the property value at room temperature, T is the temperature, T 50% is the temperature where there is a 50% decrease in properties, and k defines the breadth of the curve. The appropriate constants for the each property are given in the plots. The 6082-T651 alloy has a higher modulus and yield stress at elevated temperature compared with the 5083-H116.
Test Conditions
A total of 62 experiments were conducted to evaluate the effects of a range of variables on the failure of aluminum plates during a fire exposure as well as room temperature failure tests. Parameters considered in the study included aluminum type, insulation, sample geometry (i.e., thickness, width, height), applied load, and heat flux.
The aluminum type, insulation detail, geometric conditions tested and elevated temperature test conditions are outlined in Table 1 . The majority of samples were exposed to three different heat fluxes (8, 19 , and 38 kW/m 2 ) and subjected to loads that ranged from 10-85% of the room temperature Euler buckling load (provided in Table 1 ).
A constant heat flux was used in the testing instead of the standard furnace time temperature curve. This was done to allow a more controlled study of the effects of different heat levels on the sample structural response. failure and the temperature at failure were used to evaluate the effect of these parameters on aluminum failure during fire exposure. All uninsulated samples were tested with the exposed surface painted black and the unexposed side unpainted in order to maximize the sample temperature. The unexposed side of the sample was exposed to laboratory conditions.
RESULTS
Heat Flux and Applied Stress
The effect of heat flux and applied compressive stress on the time to failure is provided in Figure 6 
Geometry
Effects of sample geometry on the time-to-failure are provided in Figures 6 and 7 . Figure 6 shows data for the effect of heat flux on the response of aluminum with three different thicknesses, while Figure 7 provides the effects decreasing width and height while keeping the heat flux constant at 19 kW/m 2 . From data in Figure 6 , the effect of thickness is mostly removed by normalizing the data with respect to the room temperature buckling load. Thicker samples did tend to fail at longer times, which may be expected due to the additional energy required to heat the thicker samples. However, the difference was within the 15% repeatability error of the failure times. As shown in Figure 7 , effects of height and width of samples were also removed when normalizing the data with respect to the room temperature buckling load.
Aluminum Type
The structural survivability of the plates during fire testing was dependent on the type of aluminum alloy. A plot of the failure times for the two alloys for different heat fluxes and applied stresses is given in Figure 8 . The 6082-T651 alloy was measured to have longer times to failure. In addition, the minimum load levels at each heat flux required for failure was higher compared to those measured for the 5083-H116. At 8 kW/m 2 , the minimum required failure load was 75% the buckling load for 6082-T651
while it was 50% for 5083-H116. The 6082-T651 alloy at 19 kW/m 2 had a minimum failure load of at least 25% which is again higher than the 10% value for 5083-H116.
The trends in the results agree with the elevated temperature property data in Figures 4 and 5 where the modulus of the 6082-T651 is higher at elevated temperatures compared with the data for 5083-H116.
Failure Temperature
The constant heat flux levels applied during the tests resulted in the transient temperature profiles provided in Figure 9 . As seen in the figure, increasing the heat flux results in more rapid temperature increase and higher temperatures after long exposure times.
The temperature of the plate at the mid-height at failure is plotted in Figure 10 against the normalized applied load for all of the tests on the 5083-H116 and 6082-T651 alloys without insulation. As seen in the figure, the temperature at failure decreases as the applied load increases. This data indicates that once the mechanical properties have sufficiently decreased by the increase in temperature, the plate is expected to fail.
Temperatures for failure range from 100 -480 o C over applied stress levels between 10% and 80% of the room temperature buckling load. Failure temperatures in other small, intermediate, and large scale studies [6] [7] [8] [9] [10] 11, 14] were measured to range from 170-450 o C, which is a slightly smaller range compared to that measured here. This is attributed to the more narrow range of applied stress levels used in other studies as well as aluminum type. As previously mentioned, there is a distinct difference in failure temperature for the 5083-H116 and the 6082-T651 alloys which is in part attributed to the difference in elastic modulus. The deviations in failure temperature at particular normalized stress levels appear to be have a small dependence on applied heat flux, with higher heat fluxes resulting in higher failure temperatures. This may be due to creep effects. Creep would tend to cause the lower heat flux, longer duration tests to fail at lower temperatures than the higher heat flux, shorter duration tests.
Fire Insulation
Failure time and temperature at failure for tests with fire insulation on the aluminum surface are provided in Figure 11 . All insulated tests were conducted with an incident heat flux of 38k W/m 2 using 7.35 mm thick, 0.737 m high, 0.23 m wide 5083-H116 samples. The data is plotted with results from uninsulated 5083-H116 aluminum samples having the same size and thickness as the insulated aluminum plate.
The time-to-failure of the insulated samples shown in Figure 11a were longer than those measured for uninsulated plates exposed to 8 kW/m 2 . A significant temperature drop exists through the insulation (400-500 o C) which reduces the heat transfer to the aluminum sample. Based on the thermal properties of the insulation, the heat flux into the aluminum was predicted to be 4-6 kW/m 2 during the exposure. This result justifies the longer failure times for the insulated samples compared with the uninsulated samples at 8 kW/m 2 . In these tests, no difference was measured for cases where the insulation was attached with wire or pins.
The failure temperatures for the insulated and uninsulated samples are provided in Figure 11b . Despite differences in times to failure, the temperatures at which the insulated and uninsulated samples failed were similar and followed the same trend with applied load.
DISCUSSION
Failure Temperature Criterion
The basis for structural failure criteria for aluminum alloys during fire exposure is typically based on a single temperature criterion, which varies depending on the These failure criteria are based on the temperature at which aluminum alloys typically lose half their room temperature strength [19] . Kaufman and Kasser [25] to range from 100-480 o C, and was determined to be a function of applied stress level.
Clearly, a single temperature failure criterion for all parts of the structure may lead to excessive protection or possibly insufficient protection, depending on the stress variations within the design as well as load redistributions due to partial structural failure. Such failure criteria still need to be investigated for other loading conditions, aluminum types, and additional structural detail. Due to the sensitivity of the failure temperature to applied stress, fire resistance tests that include structural load are a more reliable method for evaluating structural integrity during fire rather than a single temperature criterion.
Analysis of Compression Failure
Results presented in the previous section demonstrated that the compression failure of aluminum is dependent on applied stress, temperature, material type and panel geometry. For a single type of aluminum, a correlation is shown in Figure 10 to exist between failure temperature and applied stress. However, change in aluminum type results in a different correlation. Analysis was performed to develop an approach for predicting failure of different types of aluminum during fire. The method is based on the approach developed by Mazzolani [5] for correlating failure of different types of aluminum at room temperature. This method was modified to include the effects of elevated temperature on the mechanical properties.
The failure model developed here considers both buckling failure and yield stress as the two failure modes. Through this method, failure is predicted when either the yield stress or buckling stress is exceeded. Consideration of these two stresses is required because failure of short samples (small slenderness ratios) is controlled by the yield stress of the material while longer samples (larger slenderness ratios) will fail due to physical buckling of the specimen. The effect of temperature dependence on the failure is included by developing slenderness ratios and failure stresses that are nondimensionalized with respect to elevated temperature properties. Stress-strain curves are assumed to behave as elastic-plastic. This is reasonable based on the stress-strain curves in Figure 3 and the failure temperatures.
The nondimensional slenderness ratio is defined as
which is the slenderness ratio, λ, divided by the critical slenderness ratio, λ o . The slenderness ratio is defined as
where the effective length, e L , is half of the exposed length for fixed-fixed boundary conditions and the radius of gyration for a plate of rectangular cross-section is
where t is the plate thickness. The critical slenderness ratio is the slenderness ratio at which the failure mechanism transitions from yield stress failure to buckling failure. The critical slenderness ratio was determined by setting the 0.2% offset yield stress equal to the Euler buckling stress,
where the modulus of elasticity, E, and the 0.2% offset yield stress, σ 0.2 , are properties at elevated temperature. The nondimensionalized stress was determined as
where σ is the applied stress and 0.2% offset yield stress, σ 0.2 , is the property at elevated temperature.
The proposed approach for predicting failure would be to determine whether a sample fails due to yielding or buckling. At a particular dimensionless slenderness ratio, the normalized failure stress is defined as
where the value of yield stress, σ 0.2 , is evaluated at the sample temperature. The failure stress, σ f , is the lower of the yield stress at the sample temperature or the Euler buckling stress,
determined using the modulus at the sample temperature.
Equations (7) and (8) were used to develop the failure plot shown in Figure 12 .
This failure curve accounts for the effects of elevated temperature on the mechanical properties in both the yield and buckling regimes. In addition, it is similar in shape to the failure curve proposed by Mazzolani [5] for correlating room temperature failure of different materials that this development was based upon. Elevated temperature properties were determined using Equation 1 and the constants given in Figures 4 and 5 .
Failure is predicted when the nondimensional stress and slenderness ratio result in a point that is above the failure curve. Due to using yield stress and modulus at elevated temperature, the failure curve shown in Figure 12 is valid for all temperatures. Based on this model, nondimensional slenderness ratios of less than 1.0 will fail due to yield stress while higher values will fail due to buckling.
The data shown in Figure 12 is from the compression failure tests of the 5083- A statistical analysis of the data was performed to determine a multiplying factor that would need to be applied to the stress in Equation (6) to result in a conservative correlation of the data with the failure curve. It was determined that a multiplier of 1.6
on the applied stress provided a conservative correlation of the data relative to the failure curve.
The compression failure model shown in Figure 12 can be used in multiple ways.
In general, the model is dependent on sample temperature, applied stress and sample slenderness ratio (i.e., geometry). If any two of these parameters are selected, then the acceptable range for the remaining parameter may be identified. For example, if the applied stress is known and the geometry is given then the maximum operating temperature can be determined. The model does require knowledge of the elastic modulus and 0.2% offset yield stress as a function of temperature. The approach presented above provides a simple analytical estimate of the possibility for failure;
however, the inclusion of creep effects is required for more accurate assessment of the response.
CONCLUSIONS
An experimental study was performed to quantify the response and failure of aluminum plates under compression load while being subjected to a constant heat flux representing a fire exposure. The effect of plate geometry (thickness, height, width) on failure was accounted for through normalizing applied stress with the room temperature Euler buckling stress. With the addition of fire insulation, the heat flux into the plate was reduced but the failure behavior was similar to that observed in lower heat flux tests without insulation. Failure temperatures were measured to range from 100-480 o C and
were dependent on applied stress and aluminum type. Due to the sensitivity of the failure temperature to applied stress, fire resistance tests that include structural load are a more reliable method for evaluating structural integrity during fire rather than conducting fire resistance tests without loading and using a single temperature criterion. An empirical failure model was developed to account for fire exposure conditions, aluminum type, and geometry. The simple analytical model was able to predict the occurrence of failure to within 25% without including the effects of creep and initial flatness imperfection. The inclusion of creep effects is required for more accurate assessment of the response. 
